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(57) ABSTRACT

The system of one embodiment for imaging tissue includes
ultrasound emitters configured to surround and emit acoustic
waveforms toward the tissue, ultrasound receivers configured
to surround and receive acoustic waveforms scattered by the
tissue, and a processor configured for determining an
observed differential time-of-flight (ToF) dataset and gener-
ating an acoustic speed rendering of the tissue based on the
observed differential ToF dataset. The method of one embodi-
ment for imaging tissue includes receiving data representa-
tive of acoustic waveforms scattered by the tissue, determin-
ing an observed differential ToF dataset, performing forward
modeling to generate a calculated differential ToF dataset
based on an acoustic speed model, performing inverse mod-
eling to generate an acoustic speed model based on the
observed and calculated differential ToF datasets, iteratively
repeating forward modeling and inverse modeling until con-
vergence is met with a final acoustic speed model, and gen-
erating an acoustic speed rendering from the final acoustic
speed model.
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SYSTEM AND METHOD FOR GENERATING
A RENDERING OF A VOLUME OF TISSUE
BASED UPON DIFFERENTIAL
TIME-OF-FLIGHT DATA

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Patent Application Ser. No. 61/440,530, entitled “Method for
Imaging a Volume of Tissue with Double Difterence Tomog-
raphy” and filed 8 Feb. 2011, the entirety of which is incor-
porated herein by this reference.

TECHNICAL FIELD

This invention relates generally to the medical imaging
field, and more specifically to an improved system and
method for imaging a volume of tissue.

BACKGROUND

Early detection of breast cancer and other types of cancer is
typically an important factor to successfully treat cancer.
Ultrasound tomography is a promising imaging modality that
has the potential to improve medical imaging of tissue for
screening and diagnosis purposes compared to conventional
imaging techniques. For instance, mammography is the cur-
rent standard tool for breast screening, but involves ionizing
radiation that precludes frequent imaging, plus mammogra-
phy has a low sensitivity for detection of cancer in patients
with dense breast tissue, which leads to a relatively high false
negative rate. As another example, magnetic resonance imag-
ing (MRI) is prohibitively expensive for routine and also has
limited accessibility.

However, the quality of ultrasound ray tomography relies
largely on the accuracy of the picked absolute time-of-flights,
or the measured overall time it takes for an acoustic wave to
travel between an ultrasound emitter-receiver pair. Further-
more, standard ultrasound ray tomography depends heavily
on accurate and clear onset of signal arrivals, but typically
contain systematic errors or other sources of uncertainty.
Current ultrasound ray tomography methods may use the
time-of-flight acoustic data to create an acoustic speed recon-
structions, but inaccuracy of picked time-of-flights down-
grades the quality of the resulting images (for example, the
resulting reconstructions may not capture particular distinct
characteristics of the tissue), which has the potential to
greatly affect screening and diagnosis conclusions. Thus,
there is a need in the medical imaging field to create an
improved system and method for imaging a volume of tissue.
This invention provides such an improved system and method
for imaging a volume of tissue.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1A-1C are schematics of the system, a perspective
schematic view of a transducer ring, and a top schematic view
of the transducer ring, respectively, of a preferred embodi-
ment;

FIG. 2 is a schematic of the processor of the system of a
preferred embodiment;

FIGS. 3-6 are flowcharts depicting a method of a preferred
embodiment and variations thereof; and
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FIGS. 7-10 are examples of double different tomograms
created using the method of a preferred embodiment, com-
pared to other tomograms created using conventional meth-
ods.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The following description of preferred embodiments of the
invention is not intended to limit the invention to these pre-
ferred embodiments, but rather to enable any person skilled in
the art to make and use this invention.

System for Imaging a Volume of Tissue

As shown in FIGS. 1-2, the system 100 of a preferred
embodiment for imaging a volume of'tissue includes: an array
of ultrasound emitters no configured to surround the volume
of tissue and emit acoustic waveforms toward the volume of
tissue; an array of ultrasound receivers 120 configured to
surround the volume of tissue and to receive acoustic wave-
forms scattered by the volume of tissue, each acoustic wave-
form corresponding to a respective emitter-receiver pair; and
a processor 140 configured for determining an observed dif-
ferential time-of-flight data set based on relative observed
time-of-flights of adjacent scattered acoustic waveforms cor-
responding to adjacent emitter-receiver pairs, determining a
calculated differential time-of-flight data set; and generating
an acoustic speed rendering of the volume of tissue at least
partially based on the observed differential time-of-flight data
set. In generating an acoustic speed rendering of the volume
of'tissue, the processor 140 is preferably configured to calcu-
late the “double difference,” or the difference between
observed (measured) and calculated (based on a generated
acoustic speed model of the volume of tissue) differential
time-of-flights (ToFs) for two physically adjacent wave-
forms, which may be expressed as At—At,=(t,°>*—t,%)-
(t,°“~t,°*"y mathematically. The processes performed by the
preferred processor are described in further detail below. The
system 100 is preferably used to image a volume of tissue,
such as breast tissue, for screening and/or diagnosis of cancer
within the volume of tissue. In other applications, the system
can be used to characterize regions of interest in the tissue
(e.g., to characterize suspicious masses as a tumor, a fibroad-
enoma, a cyst, another benign mass, or any suitable classifi-
cation) or for monitoring status of the tissue such as during a
cancer treatment. However, the system can be used in any
suitable application for imaging any suitable kind of tissue
with ultrasound tomography.

The preferred system 100 for imaging a volume of tissue
uses accurate differential ToF data and results in an acoustic
speed rendering of the tissue that is more precise and has
better resolution than those available through standard ultra-
sound ray tomography methods, which utilize absolute ToF
between a single emitter-receiver pair. Furthermore, the pre-
ferred system 100 employs double difference tomography,
through which known systematic data acquisition delays and
other systematic errors are canceled out and therefore do not
affect the final acoustic speed images of the volume of tissue.
The accuracy of double difference tomography mainly relies
on relative time shift between waveforms that can be accu-
rately estimated using cross-correlation for waveforms with
similar shape. In contrast, the accuracy of standard ray
tomography depends heavily on clear onset time of signal
arrivals and precise estimation of system delays during data
acquisition, both of which are more prone to errors than
waveform cross-correlation.

As shown in FIG. 1C, the preferred system 100 can include
an array of ultrasound emitters 110 and ultrasound receivers
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120. The array of ultrasound emitters 110 preferably func-
tions to irradiate the volume of tissue with acoustic wave-
forms from multiple locations distributed around the volume
of tissue. The array of ultrasound receivers 120 preferably
functions to receive the acoustic waveforms, a portion of
which are preferably scattered by the volume of tissue. In a
preferred embodiment, as shown in FIG. 1C, the arrays of
ultrasound emitters 110 and receivers 120 surround the tissue
such that each ultrasound emitter 110 is flanked by and is
adjacent to at least two other ultrasound emitters, and/or each
ultrasound receiver 120 is flanked by and is adjacent to at least
two other ultrasound receivers. In other words, the ultrasound
emitters no and the ultrasound receivers 120 are preferably
arranged in a substantially continuous and/or contiguous
manner surrounding the tissue. By irradiating adjacent com-
mon emitter waveforms from locations collectively surround-
ing the tissue, the ultrasound emitters 110 provide data cov-
erage that is more homogeneous and denser than standard
ultrasound systems having linear ultrasound emitter arrays.
Furthermore, by receiving adjacent common receiver wave-
forms, the ultrasound receivers 120 provide increased accu-
racy of cross-correlation of physically adjacent waveforms,
thereby resulting in a higher-quality acoustic speed rendering
of the volume of tissue.

In particular, the ultrasound emitters 110 and ultrasound
receivers 120 are preferably arranged in an axially symmetri-
cal arrangement. More preferably, in an exemplary embodi-
ment shown in FIGS. 1A-1C, the system 100 includes a
scanning apparatus including a ring-shaped transducer 130
that includes tissue-encircling arrays of ultrasound emitters
110 and receivers 120 for scanning breast tissue of a patient.
As shown in FIG. 1A, during a scan, the patient positions
herself or himself facedown on a flexible bed having a hole in
a chest region of the bed. As shown in FIG. 1B, the breast
tissue of the patient passes through the hole in the bed and is
positioned such that the transducer 130 surrounds the tissue.
The transducer 130 can preferably be immersed in a tank of
water or another suitable acoustic coupling medium, and can
be fixed to a gantry that moves the transducer 130 in a path to
pass along the tissue in an anterior-posterior direction,
thereby preferably imaging the entire breast (or alternatively
a selected portion of the breast or other suitable tissue).

As shown in FIG. 1A, the preferred system 100 can further
include a controller 150 that controls the transducer 130 and
its ultrasound emitters and receivers 110, 120 (e.g., speed of
transducer movement, activation of ultrasound emitters and/
or receivers). In one specific variation of the preferred system
100, the ring transducer 130 includes 256 evenly distributed
ultrasound elements that each emits a fan beam of ultrasound
signals towards the breast tissue and opposite end of the ring,
and receives ultrasound signals scattered by the breast tissue
(e.g., transmitted by and/or reflected by the tissue) during
scanning of the tissue. In one example, the transmitted broad-
band ultrasound signals have a central frequency around 2
MHz and the received ultrasound signals are recorded at a
sampling rate of 8.33 MHz. However, the ring transducer may
have any suitable number of elements that emit and record
ultrasound signals at any suitable frequencies. Furthermore,
in alternative embodiments, scanning may be performed with
any suitable transducer having arrays of ultrasound emitters
and ultrasound receivers surrounding the volume of the tis-
sue.
As shown in FIG. 1A, FIG. 1B, and FIG. 2, the preferred
system 100 can further include a processor 140. The proces-
sor 140 preferably functions to generate an acoustic speed
rendering or image of the volume of tissue based on the
received acoustic waveforms. In particular, the processor 140
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is preferably configured to determine an observed differential
time-of-flight data set based on the received acoustic wave-
forms, determine a calculated differential time-of-flight data
set based on an acoustic speed model, and generate an acous-
tic speed rendering incorporating a “double difference” term
for physically adjacent waveforms, or the difference between
observed (measured) and calculated (based on a generated
acoustic speed model) differential ToFs for the physically
adjacent waveforms. The “double difference” term for two
adjacent waveforms 1 and k (represented as 122 and 122" in
FIG. 1B) may be expressed as At,—At,=(t,°**—t,°>)—(t, '~
t,°*"y mathematically. The processor 140 is preferably config-
ured to perform the method further described below. The
processor 140 can be coupled directly to the scanning appa-
ratus (e.g., part of a local workstation in direct communica-
tion to the ultrasound emitters and receivers), and/or can be
communicatively coupled to a storage device (e.g., a server or
other computer-readable storage medium) to receive data
representative of the received acoustic waveforms.

As shown in FIG. 2, the preferred processor 140 can be
configured to produce one or more two-dimensional image
slices of the tissue under examination. Preferably, the acous-
tic speed rendering can include two-dimensional “slices” of
the tissue corresponding to respective cross-sections of the
volume of tissue (e.g., image slices of discrete anterior-pos-
terior positions of breast tissue), and/or a three-dimensional
rendering resulting from a composite of multiple two-dimen-
sional cross-sectional images, or alternatively resulting from
scanning the volume of tissue in a three-dimensional manner.
In some applications, the acoustic speed rendering can be
combined and/or compared with additional renderings of the
volume of tissue (e.g., attenuation, reflection).

Method for Imaging a Volume of Tissue

As shown in FIG. 3, the method of a preferred embodiment
for imaging a volume of tissue includes: in block S230,
receiving data representative of acoustic waveforms scattered
by the volume of tissue; in block S240, determining an
observed differential time-of-flight data set; in block S245,
determining a calculated differential time-of-flight data set;
and in block S250, generating an acoustic speed rendering of
the volume of tissue at least partially based on the observed
differential time-of-flight data set. Generating an acoustic
speed rendering preferably incorporates a “double differ-
ence” term, or the difference between observed (measured)
and calculated (based on a generated acoustic speed model)
differential time-of-flights (ToFs) for adjacent waveforms i
and k, which may be expressed as At,—At,=(t,°>*~,2>)~(1,°*~
t,°) mathematically. In some embodiments, the preferred
method further includes in block S210 emitting acoustic
waveforms from an array of ultrasound emitters surrounding
the volume of tissue, and in block S220 receiving acoustic
waveforms with an array of ultrasound receivers surrounding
the volume of tissue. The preferred method functions to
image a volume of tissue with increased precision, image
resolution, and accuracy. In particular, the preferred method
may be used to image breast tissue, for screening and/or
diagnosis of cancer within the tissue. In other applications,
the preferred method may be used to characterize regions of
interest in the tissue (e.g., to characterize suspicious masses
as a tumor, a fibroadenoma, a cyst, another benign mass, or
any suitable classification) or for monitoring status of the
tissue such as during a cancer treatment. However, the pre-
ferred method and/or any variations thereof can be used in any
suitable application for imaging any suitable kind of tissue
with ultrasound tomography.

As shown in FIG. 3, block S210 recites emitting acoustic
waveforms from an array of ultrasound emitters surrounding
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the volume of tissue, and block S220 recites receiving acous-
tic waveforms with an array of ultrasound receivers surround-
ing the volume of tissue. Blocks S210 and S220 preferably
function to scan and gather ultrasound data regarding the
volume of'tissue. Block S210 is preferably performed with an
array of ultrasound emitters in which each ultrasound emitter
is flanked by, and more preferably contiguous and/or continu-
ally disposed with, at least two other ultrasound emitters
and/or receivers in a circular ring or other suitable axially
symmetrical transducer configured to receive and surround
the volume of tissue. Similarly, block S220 is preferably
performed with an array of ultrasound receivers in which each
ultrasound receiver is flanked by, and more preferably con-
tiguous with, at least two other ultrasound receivers and/or
emitters in a circular ring or other suitable axially symmetri-
cal transducer configured to receive and surround the volume
of tissue. In a preferred embodiment, blocks S210 and S220
are performed with a ring transducer in a system as described
above, but may alternatively be performed with any suitable
transducer. The method may further include recording data
representative of the received acoustic waveforms, such as by
storing acquired imaging data in a computer-readable storage
medium.

As shown in FIG. 3, block S230 recites receiving data
representative of acoustic waveforms scattered by the volume
of tissue. In a preferred embodiment, block S230 includes
receiving data directly from a transducer. In alternative varia-
tions, block S230 includes receiving data from a computer-
readable medium or storage, such as a server, cloud storage,
hard drive, flash memory, optical device (CD or DVD), or
other suitable device capable of receiving, storing, and/or
otherwise transferring data.

As shown in FIG. 3, block S240 recites determining an
observed differential time-of-flight data set. Block S240 pref-
erably functions to characterize the similarities or differences
between sets of physically adjacent, received acoustic wave-
forms as a function of time lag. As shown in FIG. 4, the
preferred method can additionally include block S242, which
recites cross-correlating adjacent scattered waveforms. Alter-
natively, the method can include manual picking or any suit-
able process for determining the observed differential ToF
data set. Preferably, the axial symmetry of the transducer
arrangement of ultrasound emitters and receivers inherently
allows physically adjacent acoustic waveforms to be similar,
and the resulting data continuity around the transducer
enables highly accurate cross-correlation calculations,
thereby promoting more accurate calculation of observed
differential ToF data. Because any systematic errors (such as
systematic data acquisition delays) appear similarly for
physically adjacent waveforms, block S242 preferably can-
cels these systematic errors such that these errors have no
effect on the final acoustic speed images. Block S242 is
preferably performed on a group of physically adjacent wave-
forms from both common transmitter gather (that is, from a
common general source location) and common receiver
gather (that is, from a common general receiver location).
Block S242 is preferably performed for a portion of all wave-
forms received, and repeated for multiple portions of all
recorded waveforms (the multiple complementary subsets of
the recorded waveforms may be cross-correlated). For
example, block S242 can include cross-correlating eighteen
adjacent waveforms having both common transmitter gather
and common receiver gather.

As shown in FIG. 3, block S245 recites determining a
calculated differential time-of-flight data set. The calculated
differential time-of-flight data set is preferably based on an
acoustic model. Block S245 preferably functions to deter-
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mine a quantity that, when compared to the observed differ-
ential time-of-flight data set, provides a measure of accuracy
of'an acoustic speed model relative to the volume of tissue. As
shown in FIG. 5, a variation of the method includes block
S255, which recites determining an initial calculated differ-
ential time-of-flight data set. Block S255 preferably functions
to determine at least an initial calculated diftferential ToF data
set based on an initial (given) acoustic speed model. The
initial acoustic speed model may be homogeneous (uniform
acoustic speed throughout the model of the tissue and/or scan
region) or inhomogeneous, or any suitable acoustic speed
model. In some embodiments, the initial acoustic speed
model may be based empirically through known acoustic
speeds of at least one feature of the volume of tissue (e.g.,
known average acoustic speed of fatty tissue), prior scans of
the same or similar volume of tissue, and/or any suitable
factors. In some embodiments, the method may alternatively
include receiving an initial calculated differential time-of-
flight data set, such as a data set determined in a previous scan
and stored for future retrieval.

As shown in FIG. 3, block S250 recites generating an
acoustic speed rendering of the volume of tissue at least
partially based on the difterence between the observed differ-
ential time-of-flight data set and the calculated differential
time-of-flight data set (double difference time-of-flight).
Block S250 preferably functions to visually present the char-
acteristics of the tissue based on the received acoustic.

As shown in FIG. 5, in a variation of the method of the
preferred embodiment, the method further includes perform-
ing forward modeling in block S260, performing inverse
modeling in block S270, iteratively repeating forward mod-
eling and inverse modeling until convergence is met with a
final acoustic speed model in block S280, and generating an
acoustic speed rendering from the final acoustic speed model
in block S290. Preferably, blocks S260, S270, and S280 col-
lectively function to iteratively solve any nonlinear inversion
problem resulting from bent-ray tomography, preferably by
incorporating the calculation of the “double difference” term
between physically adjacent waveforms. Ray paths of the
acoustic waveforms (the orthogonal trajectories of the wave-
fronts) can be bent and/or distorted during transmission
through tissue because the acoustic speed distribution of the
tissue is not uniform. The forward modeling and inverse
modeling preferably update the ray paths during each itera-
tion to more accurately incorporate the ray bending effects.

Block S260 recites performing forward modeling and pref-
erably functions to generate a calculated differential ToF data
set for adjacent emitter-receiver pairs. In some variations of
the method, a first iteration of blocks S260, S270, and S280
may additionally or alternatively incorporate an initial calcu-
lated differential time-of-flight data set from block S255. The
ultrasound wave from a transmitter i arriving at receiver k at
time T can be expressed using ray theory as a path integral

T uds M

where u is slowness (the inverse of acoustic speed) and ds is

an element of ray path length. Forward modeling preferably
solves the 2-D eikonal equation

(VE)?=(8T/axy*+(8T/8y)*=(1V)*=(s,*+s,?) )

where the (x, y) are discrete spatial grid coordinates, T is the
travel time, v is the sound speed of waveforms in the acoustic
coupling medium (e.g., water in the imaging tank), and (s, s,)
is the slowness vector of the ultrasound wave. In the eikonal
equation (2), E is a constant that describes the wavefronts.
The ray paths are preferably traced using the slowness vector
(s, 8,) that can be obtained by calculating the gradient of the
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travel-time field. Forward modeling preferably includes solv-
ing the eikonal equation (2) using a grid travel-time tracing
technique (which is known and readily understood by one
skilled in the art), any other suitable finite-difference method,
or any suitable eikonal solver. In forward modeling, the slow-
ness field of the model (the first iteration may use an initial
model, such as a homogeneous initial model) is preferably
discretized in a uniform grid with equal-sized grid cells (e.g.,
rectangular cells).

As shown in FIG. 5, block S270 recites performing inverse
modeling and preferably functions to generate an acoustic
speed model based on the observed differential ToF data set
and the calculated differential ToF data set. In some variations
of the method, the generated acoustic speed model may
supersede and/or supplement an initial acoustic speed model
used in block S255. In inverse modeling, At, represents the
difference between the ith picked ToF observed from the
recorded ultrasound data and the ith calculated ToF calculated
from the current forward acoustic speed model, such that

Ali:liobs_lical

3

The traditional inverse problem can be described as

M “
D lhs; = A
J

where As; is the slowness perturbation for the jth grid cell,
which needs to be inverted, and 1 is the ray length of the ith
ray within the jth cell. Equation (4) can also be expressed in
matrix form as

LAS=AT (5)

The subtraction of a similar equation respectively for an adja-
cent ray k from equation (4) results in the expression

M M (6)
At—An = ) Ihs = 3 hs;
J J

where At,—At, is equivalent to the “double difference” term.
The “double difference” term describes the difference
between the observed and calculated differential ToFs for two
physically adjacent rays, and can also be written as

A=A (17172~ 01,5 M
The observed differential ToFs (t,°%°—t,°>) is preferably cal-
culated during cross-correlation of the waveforms, but may
alternatively be determined in any suitable manner. Equation
(6) may also be expressed in matrix form as

DLAS=DAT ®)

where D, the differential operator matrix, has the form of

)

If A=DL is assumed to be the new kernel matrix and
ATT=DAT is the new data for the double difference inversion
problem, equation (9) becomes

AAS=ATT 10)
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As shown in FIG. 5, block S280 recites iteratively repeat-
ing forward modeling and inverse modeling until conver-
gence in met with a final acoustic speed model. Block S280
preferably functions to derive a final acoustic speed model
that is deemed sufficiently accurate.

As shown in FIG. 6, in another variation of the preferred
embodiment, the method includes block S282, which recites
iteratively repeating performing forward modeling and
inverse modeling with least-squares regression. Block S282
can be preferably performed until the residual between the
observed differential ToF data set and the calculated differ-
ential ToF data set satisfies a desired (minimally acceptable)
threshold, or generally until the difference between the
observed and calculated differential ToF data sets is not fur-
ther reduced from a previous iteration (or at least not further
reduced by a particular amount). However, any suitable con-
vergence criterion or suitable combination of convergence
criteria may be used to evaluate whether to continue itera-
tively repeating the forward and inverse modeling steps.

As shown in FIG. 3, block S250 recites generating an
acoustic speed rendering from the final acoustic speed model.
Block S250 preferably functions to translate the final acoustic
speed model (e.g., quantitative parameters) into a visual form.
The resulting acoustic speed rendering, which incorporates
the double difference term, is more accurate with higher
precision and higher resolution than those derived using stan-
dard ultrasound ray tomography methods. The acoustic speed
rendering generated in block S250 is more easily interpret-
able for screening, diagnosis, and/or any suitable application.
The acoustic speed rendering may include two-dimensional
“slices” of the tissue corresponding to respective cross-sec-
tions of the volume of tissue (e.g., image slices of discrete
anterior-posterior positions of breast tissue), and/or a three-
dimensional rendering resulting from a composite of multiple
two-dimensional cross-sectional images, or alternatively
resulting from scanning the volume of tissue in a three-di-
mensional manner. In some applications, the acoustic speed
rendering may be combined and/or compared with additional
renderings of the volume of tissue (e.g., attenuation, reflec-
tion).

The system and methods of the preferred embodiment can
be embodied and/or implemented at least in part as a machine
configured to receive a computer-readable medium storing
computer-readable instructions. The instructions are prefer-
ably executed by computer-executable components prefer-
ably integrated with the system and one or more portions of
the processor 140 and/or the controller 150. The computer-
readable medium can be stored on any suitable computer
readable media such as RAMs, ROMs, flash memory,
EEPROMSs, optical devices (CD or DVD), hard drives, floppy
drives, or any suitable device. The computer-executable com-
ponent is preferably a general or application specific proces-
sor but any suitable dedicated hardware device or hardware/
firmware combination device can (alternatively or
additionally) execute the instructions.

Example Implementations of the Preferred System and
Method

The following example implementations of the preferred
system and method are for illustrative purposes only, and
should not be construed as definitive of limiting of the scope
of'the claimed invention. In a first example, a breast phantom
was scanned using a toroidal ring transducer. The breast
phantom provides tissue-equivalent scanning characteristics
of highly scattering, predominantly parenchymal breast tis-
sue. An X-ray CT scan of the breast phantom was also taken
after the manufacture of the breast phantom (FIG. 7C) to
benchmark its anatomical structure. The methods of double
difference (DD) tomography and of standard tomography
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were applied to the acquired data of the breast phantom. A
comparison of the DD tomography result with standard
tomography is shown in FIGS. 7A, 7B, 7C, in which the
sound speed scale is from 1470 m/s to 1550 m/s. Structures in
both the DD tomogram (FIG. 7A) and the standard tomogram
(FIG. 7B) are generally consistent with the X-ray CT image
(FIG. 7C). The ultrasound scanning position was not exactly
matching the position in FIG. 7C, which partially explains the
size mismatch of the inclusions between FIGS. 7A-7C.

Visual comparison of FIGS. 7A and 7B shows that the DD
tomogram demonstrates better resolution and sharper image
as well as less random noise. The images may be further
assessed quantitatively by comparing the calculated sound
speeds with known sound speeds obtained during manufac-
ture. As shown in FIG. 8, the calculated sound speeds in the
DD tomogram are more consistent with the known values,
while sound speeds from standard tomography show larger
discrepancies from known values.

In a second example, a gelatin phantom (FIG. 9A) was
prepared using plain gelatin powder with two embedded
cherry tomatoes and one soft candy simulating rounded and
irregular shaped inclusions. The phantom was scanned with a
toroidal transducer array from top to bottom for a total of 40
slices to acquire acoustic data. The methods of DD tomogra-
phy and of standard tomography were applied to the acquired
data of the gelatin phantom. FIGS. 9B and 9C present
examples of sound speed images for selected slices. DD
tomography generally gives sharper images when compared
to standard tomography. In the resliced cross-sections, DD
tomography (FIG. 9B) successfully reconstructs the irregular
shaped soft candy (marked as 3) and the rounded tomato
(marked as 2) that are indiscernible in the corresponding
standard tomogram (FIG. 9C). The resliced tomograms show
that, compared to standard tomography, DD tomography has
higher out-of-plane resolution, which is generally lower than
in-plane resolution due to the nature of the toroidal array.

In a third example, six excised mouse mammary glands
were scanned using a toroidal ring transducer. In order to
minimize the movements during the scan, the mammary
glands were soaked in a mixture of alcohol and saline in a
latex container. The density ofthe fluid mixture was similarto
the mammary glands under interrogation so that the mam-
mary glands could stay steadily in the middle of'the container
for a stable scan. The methods of DD tomography and of
standard tomography were applied to the acquired acoustic
data for the six mouse mammary glands. An example of a
cross-sectional sound speed image from DD tomography for
one mouse mammary gland is shown in FIG. 10A, and may be
compared to an analogous cross-sectional sound speed image
from standard tomography shown in FIG. 10B. The corre-
sponding reflection image is presented in FIG. 10C for better
comparison. The mammary gland in FIG. 10C (indicated by
arrow) shows as low sound speed in the DD tomogram (FIG.
10A), while it is not detectable in the standard tomogram
(FIG. 10B).

As a person skilled in the art of will recognize from the
previous detailed description of the preferred system and
method, modifications and changes can be made to the pre-
ferred embodiments of the invention without departing from
the scope of this invention defined in the following claims.

What is claimed is:

1. A system for imaging a volume of tissue, comprising:

an array of ultrasound emitters configured to surround the

volume of tissue and emit acoustic waveforms toward
the volume of tissue;

an array of ultrasound receivers configured to surround the

volume of tissue and to receive a set of acoustic wave-
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forms scattered by the volume of tissue, each acoustic
waveform in the set of acoustic waveforms correspond-
ing to a respective ultrasound emitter-ultrasound
receiver pair, wherein the array of ultrasound emitters
and the array of ultrasound receivers are arranged in a
circular ring transducer configured to receive and
encircle the volume of tissue;

a processor comprising a computer:

configured to determine a measured differential time-of-
flight data set, at the computer, based on relative mea-
sured time-of-flights of adjacent acoustic waveforms,
in the set of acoustic waveforms, corresponding to
adjacent ultrasound emitter-ultrasound receiver pairs;

configured to determine a calculated differential time-
of-flight data set according to a forward modeling
algorithm, implementing theory, implementing ray
theory, that processes the set of acoustic waveforms;

configured to determine a difference between the mea-
sured differential time-of-flight data set and the cal-
culated differential time-of-flight data set between a
first acoustic waveform and a second acoustic wave-
form, adjacent to the first acoustic waveform, of the
set of acoustic waveforms; and

configured to generate an acoustic speed rendering of
the volume of tissue based on the difference between
the observed differential time-of-flight data set and
the calculated differential time-of-flight data set; and

a display, in communication with the computer, configured

to render the acoustic speed rendering to a user analyz-
ing the volume of tissue.

2. The system of claim 1, wherein in determining the mea-
sured differential time-of-flight data set, the processor is con-
figured to cross-correlate adjacent acoustic waveforms, of the
set of acoustic waveforms, that are at least one of: a) origi-
nating from a common ultrasound emitter source and b)
received at a common ultrasound receiver location.

3. The system of claim 1, wherein each ultrasound emitter
is surrounded by at least two other ultrasound emitters.

4. The system of claim 3, wherein each ultrasound receiver
is surrounded by at least two other ultrasound receivers.

5. The system of claim 4, wherein the array of ultrasound
emitters and the array of ultrasound receivers are contigu-
ously arranged in an axially symmetrical arrangement about
acenter point of the array of ultrasound emitters and the array
of ultrasound receivers.

6. The system of claim 1, wherein in generating an acoustic
speed rendering of the volume of tissue, the processor:

is configured to perform the forward modeling algorithm to

generate the calculated differential time-of-flight data
set for adjacent emitter-receiver pairs;

is configured to perform an inverse modeling algorithm to

generate an acoustic speed model based on the measured
differential time-of-flight data set and the calculated
differential time-of-flight data set;
is configured to iteratively repeat the forward modeling
algorithm and the inverse modeling algorithm until con-
vergence is met with a final acoustic speed model; and

is configured to generate the acoustic speed rendering from
the final acoustic speed model.

7. The system of claim 6, wherein in performing the inverse
modeling algorithm, the processor is configured to imple-
ment a double difference term associated with two adjacent
acoustic waveforms, of the set of acoustic waveforms, defined
as the difference between a first differential time of flight for
a subset of two adjacent acoustic waveforms of the measured
differential time-of-flight data set and a second differential
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time of flight for the subset of two adjacent acoustic wave-
forms of the calculated differential time-of-flight data set.

8. The system of claim 7, wherein in iteratively repeating
performing the forward modeling algorithm and the inverse
modeling algorithm, the processor is configured to perform a
least-squares regression.

9. The system of claim 8, wherein the processor is further
configured to stop iteratively repeating performing the for-
ward modeling algorithm and the inverse modeling algorithm
when a residual criterion associated with the measured dif-
ferential time-of-flight data set and the calculated differential
time-of-flight data set meets a predetermined threshold.

10. A method for imaging a volume of tissue, comprising:

at a computer processor, receiving data representative of a

set of acoustic waveforms originating from an array of
ultrasound emitters surrounding the volume of tissue,
scattered by the volume of tissue, and received with an
array of ultrasound receivers surrounding the volume of
tissue, wherein each acoustic waveform of the set of
acoustic waveforms corresponds to a respective ultra-
sound emitter-ultrasound receiver pair;

at the computer processor determining a measured difter-

ential time-of-flight data set based on relative measured
time-of-flights of adjacent acoustic waveforms, of the
set of acoustic waveforms, corresponding to adjacent
ultrasound emitter-ultrasound receiver pairs;

at the computer processor, determining a calculated difter-

ential time-of-flight data set according to a forward
modeling algorithm, implementing ray theory, that pro-
cesses the set of acoustic waveforms;

at the computer processor, determining a difference

between the measured differential time-of-flight data set
and the calculated differential time-of-flight data set
between a first acoustic waveform and a second acoustic
waveform, of the set of acoustic waveforms, adjacent to
the first acoustic waveform;

at the computer processor, generating an acoustic speed

rendering of the volume of tissue at least partially based
onthe difference between the observed differential time-
of-flight data set and the calculated differential time-of-
flight data set; and

at a display in communication with the computer proces-

sor, rendering the acoustic speed rendering to a user
analyzing the volume of tissue.

11. The method of claim 10, further comprising emitting
acoustic waveforms from an array of ultrasound emitters in
which each ultrasound emitter is surrounded by at least two
other ultrasound emitters.

12. The method of claim 10, further comprising receiving
acoustic waveforms with an array in which each ultrasound
receiver is surrounded by at least two other ultrasound receiv-
ers.

13. The method of claim 10, wherein determining the mea-
sured differential time-of-flight data set comprises cross-cor-
relating adjacent acoustic waveforms, of the set of acoustic
waveforms, that are at least one of: a) originating from a
common ultrasound emitter source and b) received at a com-
mon ultrasound receiver location.

14. The method of claim 10, wherein generating the acous-
tic speed rendering of the volume of tissue includes:

performing the forward modeling algorithm to generate a

calculated differential time-of-flight data set for the
adjacent ultrasound emitter-ultrasound receiver pairs;
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performing an inverse modeling algorithm to generate an
acoustic speed model based on the measured differential
time-of-flight data set and the calculated differential
time-of-flight data set;

iteratively repeating the forward modeling algorithm and

the inverse modeling algorithm until convergence is met
with a final acoustic speed model; and

generating the acoustic speed rendering from the final

acoustic speed model.

15. The method of claim 14, wherein performing the
inverse modeling algorithm comprises implementing a
double difference term associated with two adjacent acoustic
waveforms, of the set of acoustic waveforms, defined as the
difference between a first differential time of flight for a
subset of two adjacent acoustic waveforms of the observed
differential time-of-flight data set and a second differential
time of flight for the subset of two adjacent acoustic wave-
forms of the calculated differential time-of-flight data set.

16. The method of claim 15, wherein iteratively repeating
performing the forward modeling algorithm and the inverse
modeling algorithm is performed with least-squares regres-
sion.

17. The method of claim 16, wherein iteratively repeating
performing the forward modeling algorithm and the inverse
modeling algorithm is stopped when a residual criterion asso-
ciated with the observed differential time-of-flight data set
and the calculated differential time-of-flight data set meets a
predetermined threshold.

18. A method for imaging a volume of tissue, comprising:

at a computer processor, receiving data representative of a

set of acoustic waveforms originating from an array of
ultrasound emitters surrounding the volume of tissue,
scattered by the volume of tissue, and received with an
array of ultrasound receivers surrounding the volume of
tissue, wherein each acoustic waveform of the set of
acoustic waveforms corresponds to a respective ultra-
sound emitter-ultrasound receiver pair;

at the computer processor, determining a measured differ-

ential time-of-flight data set based on relative measured
time-of-flights of adjacent acoustic waveforms, of the
set of acoustic waveforms, corresponding to adjacent
ultrasound emitter-ultrasound receiver pairs;

at the computer processor, generating a calculated differ-

ential time-of-flight data set for adjacent ultrasound
emitter-ultrasound receiver pairs, according to a forward
modeling algorithm, implementing ray theory;
at the computer processor, generating an acoustic speed
model according to an inverse modeling algorithm
applied to the measured differential time-of-flight data
set and the calculated differential time-of-flight data set;

atthe computer processor, iteratively repeating the forward
modeling algorithm and the inverse modeling algorithm
until convergence is met with a final acoustic speed
model descending from the acoustic speed model; and

at a display in communication with the computer proces-
sor, rendering an acoustic speed image derived from the
final acoustic speed model.

19. The method of claim 18, wherein receiving data repre-
sentative of the set of acoustic waveforms comprises receiv-
ing data derived from the array of ultrasound emitters the
array of ultrasound receivers, wherein the array of ultrasound
emitters and the array of ultrasound receivers are arranged in
a circular ring transducer configured to receive and encircle
the volume of tissue.



